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-CHAPTER l GENERAL INTRODUCTION 
Introduction 
Anionic surfactants are historically the earliest and the most commonly used 
surfactants (Louis, 1999): Linear alkyl benzene sulfonate (LAS) and alkyl sulfate (AS) are 
the most common anionic surfactants used in detergents, household cleaning, and personal 
care products. They are also used to a lesser extent in pesticides, herbicides, paints, plastics, 
and in the mining, oil, and textile industries. They are produced in large volumes, and most 
of them are inexpensive. They are especially beneficial for their excellent detergent action 
and their efficacy to remove particulate soils. Because of their wide use, LAS and AS are 
present in the influent of municipal wastewater treatment plants, although these compounds 
appear at low concentrations (<10 mg/L) (Lee et at., 1997; Kaiser, 1999). 
Literature Review 
Understanding and tracking the fate of LAS and AS in the environment has attracted 
interest from scientists and researchers. Krueger et al. (1998) found that LAS was readily 
biodegraded in activated sludge systems and that LAS had a half-life of 1-2 days. Crescenzi 
et al. (1996) has reported on the complexity in the measurement of LAS biodegradation 
intermediates, which cause difficulties due to the limitation of the biodegradation analysis 
involving more complex groups of organisms. The fact that LAS can be completely 
degraded in wastewater treatment plants was confirmeq by_Nielsen et al. (1997). Trehy et al. 
(1996) reported that the removal from four activated sludge systems averaged 99.5% for LAS 
and 99 .1 % for LAS intermediates. 
It was determined that AS is rapidly degraded and induces a biodegradative 
acclimation response at environmentally relevant concentrations ( <10-20 µg/L) (Lee et al., 
1997). This was demonstrated by other studies (van Ginkel, 1996; Guckert et al., 1996; 
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Mark et al., 1996; Marchesi et al., 1994). Lee et al. (1997) reported C12 AS biodegradation 
was found to be predominately mineralized to CO2, and the average C12 AS biodegradation 
rate was 0.08 - 0.01 h -i with the half-life of approximate 30 h (estimated rate of0.02 h-1) 
from a sewage treatment plant. The C12 AS was observed at unrealistically high carbon 
concentrations (approximately 24,000 µg/L). A review of river water dieaway tests from 
Swisher (1970) reveals essentially complete removal of C12 AS in 1-3 days. These represent 
approximate rates of C12 AS biodegradation ranging from 0.013 to 0.042 h-1• 
van Ginkel (1996) claimed that a study of the fate of surfactants including LAS and 
AS in wastewater treatment plants should consider the microbial degradation of surfactants 
under different microbial growth conditions, and he coµcluded that LAS and AS can be 
biodegraded by a consortia of microorganisms. He also reported that SRT is an important 
factor on surfactant biodegradation. 
Many methods have been developed for measuring biodegradation kinetics. 
Continuous culture studies have the difficulty in that ec1ch dilution rate selects for a specific 
microbial community that can optimize growth at that dilution rate (Bull and Slater, 1982). 
Consequently, the kinetics ofbiodegradation at a particular dilution rate will be specific for 
that community. Batch studies have gained popularity in recent years due to advances in 
automated data collection and nonlinear curve-fitting techniques. The first order method was 
developed quickly due to its simplicity, which was defined as a special case ofMonod 
kinetics at low substrate concentrations. The use of respirometry to determine 
bi ode gradation kinetics can overcome some of the disadvantages of the conventional batch 
and CSTR tests. An electrolytic respirometer method has been used by Dang et al. (1989), 
Brown et al. (1990), and Aichinger et al. (1992), and they have found that this technique can 
determine kinetic coefficients for compounds inhibitory to their own biodegradation (Brown 
et al., 1990). But during the testing and the data fitting, they also found it more tedious than 
first order method and batch studies, since nonlinear curve fitting procedures, which would 
allow quantification of the kinetic parameters from a single curve, are not utilized. There are 
some other respirometric techniques that have overcolll;e the shortcoming of the previous 
methods, such as the Cech/Lamb procedure and the Barbeau technique that modified the 
3. 
Cech/Lamb procedure to allow continuous recording of the respirometric response through 
the use of a computer-interface data acquisition system. The computer aided respirometic 
technique by Barbeau is more useful in the research laboratory for its real-time operation. 
All of the above-mentioned techniques were designed to determine the kinetics of 
single compounds, but few studies applied these techniques on the study of biodegradation 
kinetics of surfactants, which have more complex intermediates than normal chemical 
compounds. In developing the technique to measure the biodegradation kinetics of LAS and 
AS, the first order method was successfully used by Federle et al. in 1997. Kaiser (1999) 
used radiolabelled LAS and laboratory continuous-flow activated sludge systems to measure 
the kinetics using a first-order method. Later, Zhang et al. (1999) found that the 
biodegradation rates of anionic surfactants over a range of concentrations followed Monod 
kinetics. 
There has been much success related to this work but there still remains several 
questions. Few studies obtained extant kinetics for LAS and AS. Whether the respirometric 
technique can work well on surfactants or not was not clear at the beginning of this research. 
It was the scope of this research to assess the feasibility of using the respirometric technique 
to estimate the biodegradation kinetic parameters of surfactants. 
Definition of Terms in This Study 
The word surfactant is derived from the contraction of the terms surface-active-agent 
that covers a group of molecules that are able to modify the interfacial properties of liquids 
( aqueous or nonaqueous) in which they are present (Louis, 1999). The peculiar properties of 
these molecules reside in their amphiphilic character, which stems from the fact that each 
surfactant molecule has both a hydrophilic part and a hydrophobic ( or lipophilic) part. As a 
result, they concentrate at interfaces separating immiscible phases, thereby decreasing the 
interfacial tension. Surfactants comprise large molecules containing both nonpolar and polar 
( or ionic) groups, which are referred to as the "hydrophobic" and "hydrophilic" sections, 
respectively. 
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One of the classifications of surfactants is anionic. This is based on the nature of the 
hydrophilic moiety that has the water affinity. There are some other classifications such as 
cationic, amphoteric, and nonionic classes. Anionic surfactants have a negative charged 
head, and they show a variable resistance to hydrolysis. Sulfates are the most prone to 
undergo hydrolytic decomposition while sulfonates are very stable. LAS and AS are anionic 
surfactants. 
Linear Alkyl benzene sulfonate is the most imp?rtant anionic surfactant used because 
of its cheaper cost and large volume produced. Linear chains are preferred over the branched 
ones due to their improved biodegradability. The chemical structure of LAS is shown in 
Figure 1.1. LAS carbon chain lengths ranging between 9 and 15 are considered optimum. 
Linear alkyl benzene sulfonate does not exhibit gel phases at low and medium 
concentrations; therefore, it is easily dispersed in water, even in the most concentrated form. 
LAS C12 LAS 
Figure 1.1 Chemical structures of linear alkyl benzene sulfonate (LAS) and C12 LAS 
where x plus y equals 7 to 11 depending on the length of the alkyl chain 
(Trehy et al, 1996). 
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Alkyl sulfates are organic esters of sulfuric acid; the sulfur atom is bridged to the 
carbon atom of the hydrocarbon. chain via an oxygen atom. The properties of alkyl sulfates 
depend mainly on the chain length and the degree of branching of the hydrocarbon chain. 
They are generally good foam formers, especially in hard water; the best foam characteristics 
are obtained in the C12 - C14 chain - length range. Also, due to their marked hydrophilic 
character, alkyl sulfates show excellent oil/water (o/w) emulsifying and detergency 
properties; they are particularly efficient to remove oil-particulate soils on cuffs and collars 
(Louis, 1999). 
Chemical Structure for AS: 
0 
11 
CHlCH2 ) 10CH20-S- ONa 
II 
0 
Biodegradation Kinetics is the parameters in the Monod Equation. The Monod 
equation has found general utility in modeling the removal ofreadily biodegradable COD, by 
an acclimated bacteria population, X (Grady et al, 1999): 
where: 
rs = the rate of substrate depletion, 
ft = the maximum specific growth rate, 
Ks = the half saturation coefficient, 
Y = the true growth yield. 
(1.1) 
For a compound that is inhibitory to its own biodegradation the Andrews equation 






Where K1 is the inhibition coefficient. The Monod and Andrews models can describe 
the fate of an individual component provided that the kinetic parameters for that component 
are known as well as the fraction of the total biomass (the active fraction) that is involved in 
its degradation (Grady et al., 1999). Under the condition that employs low substrate to 
biomass ratios (F/M), bacteria are not able to replicate and adjust their macromolecular 
composition. The kinetics observed in these situations will be representative of the reactor 
from which the biomass was taken. These kinetics have been termed extant or currently 
existing (Grady et al., 1996). In the contrast, if the bacteria adjust their macromolecular 
compositions to the maximum levels for growth under other conditions, the kinetics obtained 
are called intrinsic kinetics. In this study, we measured the extant kinetics for a single 
compound using a respirometric method. 
Respirometric techniques are new methods to determine biodegradation kinetics of 
individual compounds. A respirometer is a device that measures and records oxygen 
consumption over a period of a time. The measurement of oxygen consumption can be 
correlated to the change in concentrations over time of substrate, biomass, and products in 
terms of oxygen units, mg/L of chemical oxygen demand (COD). This technique can quite 
accurately measure the kinetics of the compounds at low concentrations, whi.ch are difficult 
to be measured by the conventional analytical techniques. The diagram of the respirometer 
testing set up used in this study is shown in Figure 1.2. 
Objectives and Scope 
The main objective of this project was to determine the efficacy of the extant 
respirometric technique to measure the biodegradation kinetic parameters of two surfactants, 
LAS and AS, in laboratory and field activated sludge systems. Application of this technique 
included monitoring the performance of activated sludge systems and predicting the fate of 
LAS and AS in municipal wastewater treatment plants. The scope of this project was to 
measure the extant kinetic parameters of LAS and AS using a respirometric technique over a 
range of operating conditions (HRT and SRT) in porous pot reactors in the laboratory and at 











and AS were compared to laboratory data to see if the laboratory results could be used to and 
AS were compared to laboratory data to see if the labo~atory results could be used to 
Organization of The Thesis 
In this thesis, the studies of two anionic surfactants, linear alkyl benzene sulfonate 
(LAS) and alkyl sulfate (AS), are described separately as two individual papers given in 
Chapter 2 and 3. Chapter 2 focuses on the study of LAS, a portion of which was published in 
the proceedings of The 73rd Annual Conference and Exposition on Water Quality and 
Wastewater Treatment (WEFTEC 2000). Chapter 3 describes the results from a similar study 
8 
on AS. These two papers in Chapter 2 and Chapter 3 will be submitted to Water 
Environmental Research for publications. General conclusions for this project study are 
given in Chapter 4, which is followed by the related materials given in the Appendices. 
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CHAPTER 2 EXTANT BIODEGRADATION TESTING WITH 
LAS IN LABORATORY AND FIELD ACTIVATED SLUDGE 
SYSTEMS 
A paper, a portion of which has been published in the proceedings ofWEFTEC 2000 
Xiaohong Huang, Timothy G. Ellis, and Sandra K. Kaiser 
Dept. of Civil and Construction Engineering, Iowa State University 
The Procter and Gamble Company, Cincinnati, OH 45253-8707 
Abstract 
Two 1-L porous pot (65µ stainless steel mesh) reactors were fed synthetic wastewater 
with a COD of 200 mg/L including 2 mg/L linear alkyl benzene sulfonate (LAS) to evaluate 
the influence of specific operating conditions (i.e, hyd~aulic retention time, HRT, and solids 
retention time, SRT) on the measured rate of LAS biodegradation. The reactors were 
operated in parallel under a constant SRT of 10 d, and HRTs of 2, 4, 6, and 12 h. 
Subsequently, the reactors were operated under a constant HRT of 6 h, and SR Ts of 3, 6, 10, 
and 15 d. The biodegradation responses of LAS were measured using a respirometric · 
method, and the extant kinetic parameters were evaluated using the Monod model. The 
extant kinetic parameters obtained from these experiments suggest that the HRT had little 
impact on the measured kinetic parameters ( ft = 0.14 ± 0.06 h-1, Ks= 0.4 ± 0.3 mg COD/L, 
and Y = 0.67 ± 0.02 mg biomass COD formed/mg LAS COD utilized) at a constant SRT of 
10 d. The SRT had a more noticeable effect on the measured biodegradation kinetics (e.g., Y 
increased from 0.50 ± 0.08 to 0.66 ± 0.05 mg/mg when the SRT increased from 3 to 10 data 
constant HRT of 6 h). Extant kinetics for LAS biodegradation was measured in the field at 
two activated sludge wastewater treatment plants operated at different conditions. The field 
results were similar to the results from laboratory systems operated to simulate the field 
II 
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conditions ( µ values ranged from 0.02 - 0.05 h-1, Ks values ranged from 0.11 - 0.39 mg 
COD/L, and yield values ranged from 0.46 - 0.50 mg biomass COD formed/mg LAS COD 
utilized). The week-to-week variability in measured LAS kinetic parameters was greater 
with the field samples than with the laboratory samples, possibly due to the non-steady state 
nature of the treatment plants. The long-term variability in the field kinetic parameters was 
comparable to the laboratory variability. The concentrations of LAS in the effluent of the 
field wastewater treatment plant were measured to evaluate the kinetic parameters obtained 
from the laboratory. These results confirm the efficacy of the extant respirometric technique 
to measure biodegradation rates of surfactants in laboratory and field systems operated at a 
range ofHRT and SRT conditions. 
Keywords: Linear Alkylbenzene Sulfonate, Surfactant, Biodegradation, Respirometer 
Introduction 
Surface-active agents (surfactants) are components of widely used household laundry 
detergents, household cleaners, shampoos, cosmetics, antistatic agents, textile aids, and 
textile softeners. Surfactants are complex organic chemicals where hydrophobic and 
hydrophilic groups are joined together in the same molecule. Linear alkylbenzene sulfonate 
(LAS) was introduced in 1965 as a biodegradable alternative to non-biodegradable branch-
chained alkylbenzene sulfonates (ABS) and since has become the common anionic surfactant 
in commercial detergent formulations. For example, in 1994, 950,000 metric tons of LAS 
were used in Europe, North America, and Japan alone (Nielsen et al., 1997). Trehy et al. 
(1995) reported environmental LAS concentrations in the influents (3.0- 7.7 mg/L) and 
effluents (0.003 - 0.086mg/L) of activated sludge processes from 10 U.S. domestic 
wastewater treatment plants. Kaiser et al. (1997) reported LAS concentrations in the influent 
to domestic wastewater treatment plants typically range from 1 mg/L to 5 mg/L. 
LAS consists of a mixture of phenol-substituted alkyl chains (with an average chain 
length of 11.8) with all homolog chains having a negatively charged, bound sulfonate group. 
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LAS alkyl chain lengths typically range from C10 to C14 in the United States and from C10 to 
C13 in Europe (They et al., 1996). C12 LAS is a representative homolog that can be used to 
study LAS biodegradation characteristics. Because of its widespread household use, LAS is 
commonly present in the influent to municipal activated sludge POTW s and is discharged to 
natural water bodies at low concentrations. As a result, the fate of LAS in wastewater 
treatment plants has been the subject recent studies. For instance, Krueger et al. (1998) 
observed that LAS was readily biodegraded in activate~ sludge systems and the LAS had a 
half-life of 1-2 days. Others have·reported on the complexity in the measurement of LAS 
biodegradation intermediates that cause difficulties in biodegradation analysis (Trehy et al., 
1996; Crescenzi et al., 1996; Federle et al., 1997; Mampel et al., 1998; Krueger et al., 1998). 
A study by Nielsen et al. (1997), confirmed that LAS was completely degraded in 
wastewater treatment plants. Trehy et al. (1996) reported that the removal from four 
activated sludge systems averaged 99.5% for LAS and 99.1 % for LAS intermediates. 
A study of the fate of LAS in wastewater treatment plants should consider the 
microbial degradation of surfactants under different microbial growth conditions, since LAS 
is biodegraded by a consortia of microorganisms (van Ginkel, 1996). Consequently, the 
growth conditions of the degrading consortia will determine to a large extent the removal 
characteristics of LAS and its intermediate degradation products in activated sludge 
wastewater treatment systems. Operating conditions, such as the SRT, will contribute to the 
I 
resulting growth kinetics of the degrading microorganisms. Chudoba et al., (1989) suggested 
that both the maximum volumetric removal rate ( q vmax) and maximum specific removal rate 
( q) ofxenobiotic compounds were dependent on the SRT of the mixed culture. van Ginkel 
(1996) demonstrated the importance ofSRT for maintaining sufficient surfactant-degrading 
microorganisms in wastewater treatment plants. In addition, HRT was found to have an 
effect, although less dramatic than the effect of the SRT. In a previous study using porous 
pots to simulate activated sludge treatment systems, effluent concentrations of LAS were 
found to be a function of influent concentrations when the HRT was less than 10 h (Kaiser et 
al., 1997). 
In an effort to determine the fate of LAS in wastewater treatment systems, research 
II 
has focused on the development of a technique to measure LAS biodegradation kinetics. 
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Federle et al. (1997) determined that primary and complete biodegradation of LAS was best 
described by a first-order approach with the first-order rate constants of 0.50 - 0.53 h-1. The 
kinetics and removal of LAS in municipal activated sludge treatment systems have been 
previously studied using laboratory continuous-flow activated sludge systems and 
radiolabelled LAS (Kaiser et al., 1999). First-order rate constants of LAS removal were 
determined during this study, but the methods to determine the kinetic constants were labor-
intensive and time consuming. Zhang et al. (1999) found that the biodegradation rate of 
anionic surfactants over a range of concentrations (i.e., sub-and supra-critical micelle 
concentrations) followed Monod kinetics. 
The main objective of the present study was to determine the efficacy of the extant 
respirometric technique to measure the biodegradation kinetic parameters of surfactants in 
laboratory and field activated sludge systems. The goal was to be able to use the resulting 
kinetics to describe, and eventually, to predict the fate of LAS in activated sludge systems. 
The extant kinetic parameters of LAS were measured over a range of operating conditions at 
several activated sludge wastewater treatment plants, and in porous pot reactors simulating 
activated sludge in the laboratory. To evaluate the influence ofHRT and SRT, the extant 
kinetic parameters were measured at HRTs of 2, 4, 6, 12 hand SRTs of 3, 6, 10 and 15 d. In 
addition, activated sludge samples from local wastewater treatment plants were evaluated 
using the same extant respirometric procedure, and the results were compared with those 
from the laboratory study. 
Materials and Methods 
Porous pot reactors. The laboratory apparatus consisted of two porous pot reactors 
with a working volume of 1-L. They were operated in parallel as continuously stirred tank 
reactors (CSTRs) for a period of one year. The flow diagram of the CSTRs is given in 
Figure 2.1. The porous pot reactors consisted of a stainless steel mesh with a pore size of 
65 µ, which provided effective separation of suspended solids eliminating the need for a 
separate clarifier as shown in Figure 2.2. Sludge wastage was performed automatically three 
times per day using a timer or once per day manually to maintain the desired SRT. 
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Figure 2.1 The diagram of CSTRs. 
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Materials. Surfactant LAS used in this study was a mixture of LAS homologs with 
96.8% C12 LAS, dodecyl benzene sulfonate-sodium sal~, in liquid form with 51.5% active 
fraction. For all kinetic measurements, an injection concentration of2 mg/Las COD was 
used. 1 mg/L LAS was found to be equivalent to 2. 7 mg/L as COD by the standard COD 
test. The fraction of the biomass involved in the biodegradation of LAS was assumed to be 
equal to the fraction of energy (COD) supplied to the culture by LAS (Blackburn et al., 1987 
and Magbanua et al., 1998). Consequently, a competent biomass fraction of 2.7% was used 
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for the laboratory experiments. A similar competent biomass fraction (2.9%) was determined 
for the field experiments. 
Phosphate buffer was added to the biomass sample to maintain the pH at 
approximately 6.8 to 7.0 during the respirometer tests (Ellis and Anselm, 1999). The 
composition of the phosphate buffer used in this study consisted of 6.67 g/L Na2 HPO4 .HO2 
and 3.39g/L KH2 PO4, and approximately 10 mL buffer solution was added per liter sample. 
Extant Respirometric Tests. Respirometric tests were used as a surrogate 
measurement of LAS disappearance in batch kinetic tests as described previously (Ellis et al., 
1996a). In the test, phosphate buffer was added to the biomass sample from the laboratory 
porous pot reactor. The sample was then placed in a 250 mL sealed respirometric vessel with 
a constant temperature water jacket (Tudor Glass Co., Belvedere, SC). The dissolved oxygen 
(DO) concentration was measured by a DO meter (Model 3550, Yellow Springs, CO), and 
the DO probes were fitted with high sensitivity membranes. The temperature was controlled 
by a water bath at 25 ± 0.1 °C. The initial dissolved oxygen concentration was elevated to 
approximately 16-18 mg/L using pure oxygen to prevent oxygen from becoming limiting 
during the entire respirometric response. The biomass was continuously stirred using a 
magnetic stir bar. When a linear decrease in DO was observed, a low concentration (2 mg/L 
as COD) injection of LAS was made to the respirometric vessel, resulting in a low initial 
substrate to biomass concentration ratio (So: X0) ensuring that the test was a measure of the 
extant kinetics of the biomass (Grady et al., 1996). The DO response data was collected 
continuously at a sampling frequency of 10 Hz through a data acquisition board installed in a 
personal computer. The resulting data file was averaged to provide a DO measurement every 
2 to 4 seconds and normalized to subtract the background endogenous oxygen uptake rate. 
The biodegradation response was modeled in an Excel™ spreadsheet, and the kinetic 
parameters were estimated by nonlinear regression using a fourth-order Runge-Kutta 
approximation of the Monod equation. 
Preliminary experiments to ascertain the reliability and reproducibility of the extant 
technique for measuring surfactant kinetics included experiments to determine the effect of 
the initial substrate concentration, the effect of the initial DO concentration, and the effect of 
re-injecting LAS to the same biomass sample. The tests were conducted with biomass from 
,I 
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the Boone Water Pollution Control Plant (WPCP), Boone, Iowa. Grab samples of the 
influent to the Boone WPCP were collected and measured by liquid chromatography/mass 
spectroscopy (LC/MS) to determine the LAS influent concentration. 
To evaluate the validity of using synthetic wast~water for the laboratory studies, a 
side-by-side comparison of porous pot reactors fed synthetic and raw wastewater was 
performed. Extant tests were run to determine whether the kinetic parameters in the two 
reactors were comparable. The raw wastewater was collected from the Boone WPCP and 
diluted to 200 mg/Las COD. The composition of the synthetic wastewater is shown in 
Table 2.1 (Kaiser et al., 1997). Both wastewaters were fed at a concentration of 200 mg 
COD/L, and 2 mg/L LAS (5.4 mg/Las COD) was added to the synthetic wastewater. It was 
assumed that the actual wastewater contained a similar amount of LAS (which was 
confirmed by subsequent analysis). The reactors were operated at room temperature 22 ± 2 
°C. To maintain a diverse microbial consortium, 5 mL of mixed liquor from a local 
municipal wastewater treatment plant was added to the reactors every other day. This 
addition represented less than 2% of the feed COD to the reactors and less than 2% of the 
porous pot mixed liquor concentration at all operating conditfons. 
After it was determined that synthetic wastewater was an acceptable substitute for 
real wastewater, two porous pot reactors were fed synthetic wastewater to evaluate the 
influence ofHRT and SRT on the biodegradation responses. The reactors were operated in 
parallel under a constant SRT of 10 d, and HRTs of 2, 4, 6, and 12 h. Subsequently, the 
reactors were operated under a constant HRT of 6 h, and SRTs of 3, 6, 10, and 15 d. An 
additional porous pot operating condition was run at 18 h HRT and 30 d SRT to simulate the 
operating conditions at the Boone WPCP. 
The field tests were conducted at three activate1 sludge plants, the Boone WPCP with 
an HRT of approximately 18 hand an SRT in the range of24 - 30 d, the Iowa City 
Wastewater Treatment Plant (WWTP) with an HRT of 4-6 hand an SRT of approximately 
6 d, and the Cedar Rapids Water Pollution Control Facility (WPCF) with an HRT of 
approximately 0.35 hand an SRT in the range of 0.9 - 1.5 d. The extant kinetics of LAS was 
measured periodically during this study and a database
1 
containing all the experimental results 





Table 2.1 Characteristics of synthetic wastewater. 
Macro nutrients Final concentration Stock concentration* mg/L g/L 
Urea 37.6 9.4 
Nutrient broth 60.0 15.0 
Laurie acid 7.0 1.75 
Potato starch 6.0 1.5 
Non-fat dried milk 60.0 15.0 
Dietary fiber 10.0 2.5 
Sodium acetate 20.0 5.0 
Na(HCO3) 10.0 2.5 
K3PO4•H2O 3.0 0.75 
FeSO4•7H2O 0.5 0.125 
LAS 2.0 0.125 
AS 1.0 0.97 
Micro nutrients Final concentration Stock concentration** 
µg/L mg/L 
NiSO4•6H2O 100 10 
ZnClz 62 6.2 
CuCh•2H2O 159 15.9 
C0Clz•6H2O 18 1.8 
MnSO4•H2O 22 2.2 
EDTA 74 7.4 
K2MoO4 5 0.5 
* The stock macronutrients concentration is 250 times the final concentration. 
** The stock micronutrients concentration is 100 times the final concentration. 
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Field Validation Analysis. Field validation was performed in four steps. First, three 
kinds of biomass samples from the three plants mentioned above were measured weekly 
during one month ( called one-month-weekly-test). A bottle of 500 mL effluent and a bottle 
of 250 mL influent were collected from each plant once a week during the test. Second, after 
the one-month-weekly-test, a one-week-daily-test was conducted focusing on the biomass of 
the Cedar Rapid WPCF since the composite influent samples were available for collection. 
Similarly, the 500 mL effluent and 250 mL influent of the Cedar Rapids WPCF were 
' 
collected daily together with the sample of biomass for immediate test. All these sample 
bottles were stored with 8% formalin and sent to the Procter and Gamble Company to 
measure the concentration of LAS. The prediction of effluent concentrations using the 
measured extant kinetics was performed to evaluate the experimental data. Finally, the 
respirometer technique was evaluated by comparing the measured and predicted effluent 
concentrations. 
The effluent concentrations of LAS can be calculated in two ways based on a mass 
balance around biomass and substrate as observed in equation (2.1) and (2.2), respectively 
(Grady et al., 1999): 




Ks = half-saturation coefficient, mg/L 
ka = decay coefficient, h-1 
q = maximum specific substrate utilization rate, h-1 
So = influent concentration, mgCOD/L 
Se = effluent concentration, mgCOD/L 
t = hydraulic retention time, h 
Xv= competent biomass concentration, mg/L 




Be = solids retention time, h 
Equation (2.1) needs the decay coefficient but does not require knowledge of the 
influent concentration, but the decay coefficient and competent biomass fraction must be 
known or estimated. In the calculations, the experimentally determined value of the decay 
coefficient of 0.11 d-1 was used (Ellis, 2000). Equation (2.2) only requires knowledge of the 
total degradation rate q' obtained from the extant kinetics testing, but the influent 
concentration has to be known. This is the reason the influent samples were collected and 
measured. 
Results and Discussion 
LAS concentrations were measured in the influent of the Boone WPCP, and the 
results indicated a range of LAS concentrations from 1- 5 mg/Las shown in Table 2.2. 
Table 2.2 Concentration of LAS in the influent to the Boone Water Pollution Control 
Plant. 
Date C10LAS CuLAS C12LAS C13LAS C14LAS Total LAS 
Collected mg/L mg/L mg/L mg/L mg/L C10-14 mg/L 
9/23/99 0.74 0.54 0.18 <0.05 <0.05 1.46 
9/23/99 0.66 0.36 0.10 <0.05 <0.05 1.12 
10/7/99 1.10 0.82 0.44 · <0,.05 <0.05 2.36 
I 
10/7/99 1.08 0.94 0.56 <0.05 <0.05 2.58 
10/8/99 1.76 1.88 0.90· " 0.l8 <0.05 4.72 
10/8/99 1.86 1.68 1.16 ,, 0.22 <0.05 4.92 
avg± s.d. 1.20 ± 0.50 1.03 ± 0.61 0.55 ± 0.41 <0.2± 0.03 <0.05 2.86 ± 1.61 
These findings are similar to the results reported by Kaiser et al., (1997). From this 
table it can be seen that C12 LAS accounted for about ~0% of the total LAS concentration. 
The C12 homolog was used as the representative test compound for this study. To estimate 
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the competent fraction of LAS degrading biomass, an average LAS concentration of2.86 
mg/L (7.72 mg COD/L) and influent COD concentration of265 mg/L were used, and the 
results showed that LAS has a COD fraction of about 2.9% in the influent of Boone WPCP. 
Therefore, since the biomass obtained 2.9% of its energy from LAS, it was assumed that 
2.9% of the biomass had the capacity to degrade LAS (Magbanua, et al., 1998). A 
competent fraction of2.9% was applied for the field studies unless the true COD fraction was 
. I 
measured. Similarly, the competent fraction of degrading biomass in the porous pot reactors 
was estimated as 2.7%, since LAS contributed 2.7% of the feed COD. 
To evaluate the effect of different initial conditions on the extant respirometric 
technique, a series of experiments were performed. For instance, different initial DO 
concentrations were used when measuring the oxygen consumption to evaluate if this had 
any effect. After many repetitions of LAS biodegradation, 16 mg/L was found to be the 
lower limit to allow the complete biodegradation of LAS in the laboratory experiment prior 
to oxygen becoming limiting (at approximately 1 mg/L). The upper DO concentration limit 
I 
of the DO meter was approximately 20 mg/L, and a range of DO concentrations from 16 to 
. . 
20 mg/L was used to evaluate the influence of the initial DO on the measured kinetic 
parameters. The biomass for these experiments was obtained from a porous pot reactor with 
an HRT of 6 hand an SRT of 15 d, and the results are shown in Table 2.3. These results 
suggest that the initial DO concentration in this range did not have an impact on the resulting 
measured kinetic parameters. Similar results were obtained when comparing the kinetics for 
LAS using biomass that had received one injection and biomass that had received several 
repeated injections. 
A typical respirometric response of a biomass sample to an injection of LAS in the 
respirometric procedure is given in Figure 2.3. The goodness of fit of the Monod model is 
illustrated by this figure. In addition, the reproducibility of the kinetic parameter estimates 
was.demonstrated by the standard deviations within an experiment. Typically the standard 
deviations were within 20% of the mean values for most of the measured parameters. One 
exception to this was the standard deviations for Ks, which were somewhat higher. During 
the comparison ofraw and synthetic wastewater in the porous pot reactors operated at a HRT 
of 12 hand SRT of 8 d, biodegradation kinetics were 11;easured periodically. The results are 
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Table 2.3 Influence of the initial DO Concentration on the extant kinetics of LAS. 




0425T1A 0.067 0.098 0.055 0.677 16.645 
0425T2A 0.067 0.098 0.159 - 0.681 17.749 
,, 
0425T1B 0.056 0.084 0.215 0.668 19.897 
0425T2B 0.057 0.077 0.032 0.733 18.677 
0425T1C 0.060 0.082 0.061 0.732 18.770 
0425T2C 0.051 0.071 0.014 0.725 19.661 
Average 0.059 0.085 0.089 0.703 18.567 
STD 0.006 0.011 0.079 0.030 1.215 
STD/AVE¾ 10.359 13.137 88.904 4.335 6.545 
* MLVSS of the biomass is 1550 mg/L, injection of 100 µL LAS. 
shown in Table 2.4. Comparison with the Student t-test indicates that there was no 
,. 
significant difference between the parameters obtained from the two systems at an a = 0.05. 
In a separate experiment, the extant kinetics of the composite synthetic and raw wastewater 
were measured using the corresponding biomass from the Boone plant. In these experiments, 
2 mg COD/L of the total wastewater (i.e., not just one component of the wastewater such as 
LAS) was injected into the extant respirometer. These results (in Table 2.5) also indicated 
very similar responses between the two systems with respect to the pseudo-first order rate 
coefficient, k (where k = q /Ks). As expected for the total wastewater, the Ks values were 
15.5 
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Figure 2.3 Normalized respirometric response and model fit sample. 
higher than the injection concentration (2 mg/Las COD), and in these instances, separate 
estimates of ft and Ks are not possible (Ellis et al., 1996a) due to the correlation between the 
parameters at these experimental conditions (Robinson, 1985; Robinson and Tiedje, 1983). 
Sykes (1999) has suggested that the Ks value for a multicomponent wastewater is a 
cumulative function of the individual Ks values for the individual substrates, and this would 
explain a Ks value greater than 2 mg/Las COD for these experiments. Consequently, the k 
value L (mg x hY1 was reported .. It can also be seen from this data that the composite 
wastewater samples had significantly higher yield values than LAS alone. This is likely due 
to incomplete biodegradation of the entire organic fraction of the wastewater injection during 
the approximately 30 minute time period of the extant test. It is likely that the particulate 
COD fraction of the synthetic and raw wastewater samples took longer to degrade during the 
test. In any event, the interesting results from this experiment were the similarity in response 
by the Boone biomass sample to the synthetic and raw wastewater samples. The similarity in 
the biodegradation kinetic parameters obtained with the biomass from the two porous pot 
reactors and by the Boone biomass sample suggests that the synthetic wastewater was a valid 
! 
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Table 2.4 Extant kinetic parameters from porous pot reactors Jed synthetic and actual 
wastewater. 
Day ft, h-1 q, h-1 Ks, mg/Las Y, mg/mg vss COD mg/L n 
Reactor 11 
1 0.03 0.06 0.16 0.54 2650 1 
10 0.021 0.065 0.905 0.318 1380 1 
20 0.030 0.094 0.425 0.321 808 1 
30 0.042 0.135 0.100 0.312 633 1 
40 0.049 0.115 0.100 0.425 604 1 
47 0.035 0.082 0.400 0.428 604 3 
avg± s.d. 0.035 ± 0.011 0.102 ± 0 031 0.386 ± 0.330 0.347 ± 0.047 7 
Reactor 22 
1 0.03 0.06 0.16 0.54 2650 1 
10 0.033 0.089 0.727 0.369 1080 1 
20 0.053 0.089 0.196 0.593 772 1 
30 0.027 0.089 0.100 0.298 614 1 
40 0.029 0.093 0.400 0.314 592 2 
47 0.036 0.112 0.439 0.337 632 7 
avg± s.d. 0.033 ± 0.011 0.099 ± 0.014 0.459 ± 0.307 0.348 ± 0.136 
1 Reactor 1 was fed synthetic wastewater. 
2 Reactor 2 was fed actual wastewater from the Boone Water Pollution Control Plant. 
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Table 2.5 Extant kinetic parameters of synthetic and raw wastewater by Boone 
biomass. 
Reactor feed k, L (mg x h) Y,mg/mg VSS, mg/L 
Raw 0.0199 0.773 
wastewater 
from Boone 0.00987 0.659 604 
WPCP 
avg: 0.0149 ± 0.0071 avg: 0.716 ± 0.081 
0.0157 0.871 
0.00935 0.822 




avg: 0.0143 ± 0.0037 avg: 0.825 ± 0.044 
alternative to raw wastewater for the subsequent porous pot reactor studies to examine the 
influence ofHRT and SRT on LAS kinetics. 
Effect of HRT and SRT on LAS biodegradation. Experiments to test the influence 
of a range of HR Ts (2 h, 4 h, 6 h and 12 h) with a constant SRT of 10 d on the 
biodegradation kinetics of LAS were performed. Subsequently, the experiments to test the 
influence of a range of SR Ts (3 d, 6 d, 10 d, 15 d) with a constant HRT of 6 h were 
conducted. In the last experiment period, the "Boone simulation" study was performed. 
The two porous pot reactors were operated in parallel under an HRT of 18 hand an SRT of 
30 d, which is the average value of the Boone WPCP operating condition. The purpose of 
this simulation study was to compare the extant kinetics from field and laboratory activated 
sludge systems using respirometer technique. 
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The results of the extant biodegradation tests are shown in the Table 2.6. The 
biomass used for these tests were obtained from the porous pot reactors at steady-state-
conditions under different operating conditions. In addition, the kinetics in the kinetic 
responses are shown in Figure 2.4 and Figure 2.5. 
Table 2.6 The influence of HRT and SRT on the biodegradation kinetics of LAS 
(Reactor Biomass). 
HRT SRT A h-1 q h-1 Ks, Y, k =(q /Ks)L/ VSS, 
Day Day 
µ, ' mgCOD/L mg/mg (mgCODxh) mg/L n 
Impact of HRT 
2 10 0.18± 0.07 0.26± 0.13 0.78± 0.86 0.68± 0.10 0.56±0.15 3574±263 10 
4 10 0.20± 0.05 0.33± 0.13 0.47± 0.30 0.68± 0.07 0.60±0.23 2244±26 10 
6 10 0.08± 0.03 0.13±0 .. 04 0.16± 0.15 0.66±0 .. 05 0.80±0.27 1336±41 10 
12 10 0.09±0 .. 02 0.14±0.02 0.16± 0.18 0.65±0.05 0.82±0.11 785±19 10 
Impact ofSRT 
6 3 0.05± 0.01 0.10± 0.02 0.18± 0.07 0.50± 0.08 1.00±0.17 250 10 
6 6 0.08± 0.02 0.11± 0.02 0.09± 0.11 0.65± 0.04 0.79±0.27 472± 13 10 
6 10 0.08± 0.03 0.13± 0.04 0.16± 0.15 0.66 ± 0.06 1.30±0.18 1336± 41 10 
6 15 0.06±0.01 0.09± 0.02 0.09± 0.10 0.69± 0.03 0.59±0.28 1550 8 
Simulation of the Boone WPCP 
6 15 0.06±0.01 0.09± 0.02 0.09± 0.10 0.59±0.28 0.69± 0.03 1550 6 
18 15 0.02±0.01 0.06±0.01 0.06±0.01 0.44±0.04 1.01±0.49 980 6 
6 30 0.07±0.02 0.10±0.03 0.13±0.06 0.64±0.11 0.91±0.22 2760 6 
18 30 0.03±0.01 0.05±0.01 0.08±0.14 0.48±0.13 0.62±0.21 2250 6 
-.... 0.24 
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Figure 2.4 Extant biodegradation kinetics of LAS as a function ofHRT. 
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Figure 2.5 Extant biodegradation kinetics of LAS as a function of SRT. 
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In these two figures, the results from three different samples are provided as described. Most 
of the data was from the laboratory porous pot reactors that were ,operated under a certain 
HRT and SRT. The other sample was from reactor two, but the operation conditions 
simulated the Boone WPCP aeration tank with an HRT of 18 hand an SRT of30 d. The 
simulation results are indicated separately using a square symbol" C:" for comparison with 
the field results indicated by a round symbol "011• From these figures, the trend in the data 
can be analyzed with respect to the changes ofHRT and SRT. It can be seen from Table 2.6 
and Figure 2.4 that at lower HR Ts more variability in the extant kinetic parameters was 
observed. This could be explained by the fact that at lower HRTs the reactors behaved less 
like ideal CSTR systems (i.e., there was more opportunity for short circuiting and variations 
in flow at shorter HRTs). Similar results were observed by Kaiser et al. (1997) where 
effluent concentration of LAS remained constant and relatively independent of influent 
concentrations at higher HRTs, but varied at lower HRTs. Figure 2.4 also showed that the 
µ, q, and Y values decreased slightly with increasing HRT. In Figure 2.5, at the same SRT 
of 15 d, the extant kinetic parameters at an HRT of 18 h were lower than at an HRT of 6 h. 
The effect of SRT on the biodegradation of LAS is shown in Figure 2.5. These 
results also suggest that SR T did not have a dramatic effect on the measured biodegradation 
kinetics of LAS. The yield increased slightly with increased SRT at low SRT conditions, but 
stayed constant at longer SRTs. There appeared to be a slight decrease inµ, q, and Ks at 
long SRT conditions, suggesting a low velocity, high affinity enzyme system at these 
conditions. The evidence for this, however, was not strong. In pure culture studies, Sokol 
(1987, 1988a, 1988b, 1992) observed a much more pronounced decrease in µ values for 
cultures grown at increasingly long SRTs. 
The results of these experiments indicate that operating conditions have some impact 
on the biodegradation of LAS. But when the HRT is long enough, the effect ofHRT can be 
ignored. Compared with HRT, SRT has more impact on the biodegradation of LAS. The 
biodegradation rate for LAS will slightly decrease when the SR T is long enough. The extant 
kinetic parameters for LAS obtained from the biomass fed by synthetic wastewater ranged 
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from 0.50 - 0.69 mg/mg for the Y coefficient, 0.05 - 0.20 h-1 for ft, 0.09 - 0.33 h-1 for q and 
0.09 - 0.78 mg COD /L for Ks. 
To further evaluate the capability of the respirometer technique to obtain comparable 
kinetics of LAS from the lab and the field, one porous pot reactor was run to simulate the 
operating conditions of the Boone WPCP under a HRT of 18 hand a SRT of30 d. To 
provide additional comparisons, the other two conditions were evaluated (HR T of 6 h and 18 
hand SRT of 15 d). A comparison of the extant kinetics of LAS measured using laboratory 
biomass simulating field conditions and biomass from the Boone WPCP was provided in 
Table 2.6 and Figure 2.4 and Figure 2.5. Student-t tests suggest that there were no 
significant differences in the values of ft , Ks, and Y with laboratory simulation biomass and 
the Boone WPCP biomass samples tested at an a= 0.05. These results·suggest that the 
laboratory simulation of the field conditions provided an accurate a~sessment of the actual 
kinetic capabilities. This would be important for operating laboratory systems to predict full-
scale performance with regard to the impact of operational changes on the biodegradation 
kinetics of specific organic compounds. Comparing with the results of the laboratory study 
concerning the impact ofHRT and SRT, the similar ranges of the kinetic values and the 
similar trends with respect to changes in HRT and SRT give more evidence to support the 
conclusions obtained in the laboratory study. 
During this study, field biomass samples were collected periodically and the extant 
kinetics of LAS were measured. A competent biomass fraction of2.9% was used for all the 
field data analysis (mentioned in page 21). The results of the extant kinetics obtained from 
field tests are listed in Table 2.7 and Table 2.8. Figure 2.6 shows the variability in the 
measured, ft , Ks, q , k ( q I Ks) and Y values for the biomass of the Boone WPCP. The 
interesting finding from this data is that the variability of the field data was comparable to the 
variability seen in laboratory activated sludge systems operated at steady state over a 
prolonged period of time (Bielefeldt and Stensel, 1999, and Ellis et al., 1996b). One might 
expect that the variability of full-scale systems which have varying influent concentrations, 
varying flow rates, and fluctuating operating conditions would be considerably greater than 
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Table 2.7 Extant kinetics of LAS at the Boone WPCP and Iowa City WWTP. 
Date A h-1 A h-1 
Ks, Y, k=(q !Ks), VSS, µ, q, mgCOD/L mg/mg L/(mgCODxh) mg/L n 
BooneWPCP 
8/23/99 0.03 0.06 0.16 0.54 0.37 2650 1 
9/6/99 0.08 0.09 0.02 0.21 4.5 2250 1 
1/28/00 0.17 0.22 1.04 0.80 0.21 3000 1 
3/23/00 0.06±0.03 0.15±0.05 0.58±0.46 0.40±0.11 0.26±0.11 3100 3 
4/1/00 0.03±0.01 0.06±0.02 0.55±0.23 0.56±0.16 0.11±0.08 3415 6 
4/06/00 0.02±0.01 0.08±0.01 0.10±0.06 0.21±0.13 0.80±0.21 4380 6 
" 
4/19/00 0.03±0.01 0.07±0.01 0.23±0.24 0.47±0.09 0.30±0.03 7750 6 
6/19/00 0.02±0.01 0.05±0.01 0.45±0.40 0.37±0.14 0.42±0.33 3310 8 
6/26/00 0.03±0.01 0.07±0.02 0.91±0.39 0.37±0.06 0.09±0.03 3450 8 
7/6/00 0.64±0.07 0.11±0.01 2600 5 
7/13/00 0.06±0.01 0.16±0.06 1.77±0.35 0.57±0.04 0.05±0.01 3200 2 
avg±s.d. 0.05±0.05 0.10±0.06 0.58±0.54 0.47±0.18 0.66±1.29 3555± 11 1498 
Iowa City WWTP 
4/12/00 0.07±0.04 0.13±0.04 0.18±0.06 0.50±0.13 0.85±0.58 1990 5 
6/30/00 0.04±0.01 0.10±0.01 0.77±0.17 0.39±0.01 0.13±0.01 1800 4 
7/6/00 0.55±0.05 0.11±0.07 1850 6 
7/10/00 0.09±0.03 0.19±0.09 1.27±0.47 0.50±0.19 0.15±0.03 1650 4 
7/17/00 0.11±0.02 0.58±0.11 1.19±0.46 0.42±0.22 0.50±0.34 1950 4 
avg±s.d. 0.08±0.03 0.25±0.22 0.85±0.50 0.47±0.07 0.35±0.32 1848± 5 134 
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Table 2.8 Extant kinetics of LAS at Cedar Rapids WPCF. 
Date h-1 h-1 
Ks, Y, k =(q !Ks), VSS, µ, q, mgCOD/L mg/mg L/(mgCODxh) mg/L n 
6/05/00 0.02±0.01 0.04±0.01 0.31±0.15 0.54±0.07 0.14±0.04 1800 8 
6/30/00 0.09±0.03 0.19±0.06 0.42±0.21 0.47±0.04 0.56±0.29 1600 6 
7/06/00 0.10±0.02 0.21±0.05 0.62±0.41 0.48±0.13 0.71±0.07 1760 8 
7/10/00 0.10±0.01 0.27±0.19 1.01±0.36 0.82±0.74 0.29±0.07 2200 4 
7/17/00 0.11±0.01 0.20±0.03 1.00±0.62 0.55±0.08 0.29±0.21 1400 4 
7/24/00 0.07±0.03 0.18±0.08 1.07±0.57 0.42±0.12 0.22±0.09 2320 6 
7/25/00 0.08±0.01 0.21±0.09 1.34±0.22 0.44±0.12 0.15±0.05 2280 6 
7/26/00 0.09±0.03 0.18±0.08 1.33±0.74 0.52±0.06 0.16±0.07 1950 6 
7/27/00 0.12±0.06 0.29±0.19 0.78±0.24 0.47±0.11 0.21±0.14 2260 6 
7/28/00 0.13±0.02 0.42±0.08 1.19±0.65 0.41±0.03 0.34±0.21 2220 6 
7/29/00 0.15±0.02 0.27±0.02 1.08±0.96 0.56±0.11 0.43±0.30 2340 6 
avg±s.d. 0.10±0.03 0.24±0.12 0.84±0.41 0.47±0.18 0.34±0.18 2011± 11 327 
* The number ofrepeat tests on the biomass each day. 
laboratory systems intentionally operated at steady-state. These findings raise important 
questions as to what causes the variability in biodegradation kinetics. Once the kinetic 
variability is characterized, the resulting changes in biodegradation rates can be accounted 
for during the design and operation of activated sludge systems. Figure 2. 7 illustrates a more 
constant biodegradation rate ofLAS with Cedar Rapids WPCF biomass. The result of a 
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Figure 2. 7 Variability of extant biodegradation kinetics of LAS at Cedar Rapids 
WPCF biomass. 
It is apparent that no large variability in the extant bi ode gradation kinetics of LAS at 
the Cedar Rapids WPCF occurred during tests. 
The predictions of the effluent and the results of the me_asured LAS concentrations for 
three wastewater treatment plants are listed in Table 2.9. 
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Table 2.9 Comparison of measured and predicted effluent concentrations. 
Measured Influent Measured 
Predicted Effluent Cone. 
Effluent1 Mass Balance Equations 
Location Date 
Cone. COD avg±s.d. 2.1 2 2.1 3 2.2 fraction 
µg/L X¾ µg/L µg/L 
Lab 15 d SRT 18 hHRT 2000 2.70 5.6±4.1 4.5 5.1 1.3 
Lab 30 dSRT 6hHRT 2000 2.70 4.1±1.3 3.9 4.7 0.7 
avg±s.d 2000 2.70 4.9±2.7 4.2±0.1 4.9±0.2 1.0±0.3 
Cedar Rapids 6/29/00 238 0.32 16.0±0.0 15.8 98.6 6.0 
Cedar Rapids 7/6/00 222 0.30 45.5±26.2 21.4 143.2 7.0 
Cedar Rapids 7/10/00 427 0.58 7.1±0.6 23.6 176.0 21.8 
Cedar Rapids 7/18/00 1161 1.57 84.5±0.7 15.7 56.7 16.7 
Cedar Rapids 7/25/00 1970 2.66 57.0±2.8 19.2 32.5 13.2 
Cedar Rapids 7/26/00 2018 2.72 12.0 26.2 15.9 
Cedar Rapids 7/27/00 1183 1.60 24.0±0.0 9.6 12.7 8.4 
Cedar Rapids 7/28/00 1024 1.38 18.5±0.7 15.1 16.1 1.1 
Cedar Rapids 7/29/00 95.0±0.0 12.2 101.8 
avg±s.d. 1030±712 1.13±0.78 43.4±16.6 16.1±4.6 73.7±59.1 11.3±6.8 
Boone 6/29/00 669 0.90 3.6±1.0 6.4 9.9 2.5 
Boone 7/6/00 950 1.28 2.9±0.0 1.3 2.5 
Boone 7/11/00 746 1.01 1.8±0.1 
Boone 7/12 - 920 1.24 2.3±0.5 5.7 7.6 3.3 7/13/00 
Boone 7/20/00 6270 8.46 3.9±2.1 15.8 3.6 15.4 
avg±s.d. 1911±2440 2.58±3.29 2.9±0.7 7.3±6.0 5.9±3.5 7.1±7.2 
Iowa City 6/29/00 5.9±0.4 6.6 13.2 
Iowa City 7/6/00 668 0.90 4.4±0.5 8.2 9.5 
Iowa City 7/7/00 668 0.90 
Iowa City 7/9/00 690 0.93 
Iowa City 7/10/00 690 0.93 4.0±1.1 4.9 8.8 10.4 
Iowa City 7/18/00 3.9±0.8 3.6 6.5 
avg±s.d. 679± 13 0.92±0.02 4.5±0.7 5.8±2.0 9.5±2.8 10.4 
1 The data were measured by the Procter & Gamble Company. 
2 The measured influent COD fraction of LAS X¾ was used as the competent fraction 
ofbiomass in equation (2.1). 
3 The average influent COD fraction of LAS 2.9% was used as the competent fraction 
of biomass in equation (2.1). 
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Since the measured LAS COD influent fraction was different than the assumed 
fraction of 2.9% (see Appendix D), the question arose as to which competent biomass active 
fraction should be used during the prediction. To better understand the influence of the 
influent COD fraction of LAS, Table 2.9 shows both prediction results using equation (2.1) 
by correcting the competent biomass fraction based on the daily influent LAS concentration 
and the average competent biomass fraction. The adjusted competent fraction based on the 
daily influent concentration provided slightly better results than the average assumed 
competent fraction. Table 2.9 showed that there is significant difference between the 
predicted values using the average competent biomass fraction by equation (2.1) and the 
measured values at an a= 0.05. And there is no significant difference by equation (2.1) 
using X% as competent biomass fraction or by equation (2.2) at an a= 0.05. Table 2.9 
shows that equation (2.1) and equation (2.2) have the similar prediction effluent 
concentrations for LAS. Therefore, by choosing equation (2.1) with X% as competent 
biomass fraction and equation (2.2), the validation of the application of the respirometer 
technique in measuring the extant kinetics for the surfactant LAS were highly confirmed with 
95 % confident. 
Figure 2.8 also shows the measured effluent concentrations and the predicted 
concentrations for LAS. This prediction result shows that it is possible to use respirometer 
technology to measure the extant kinetics and to estimate the performance of the wastewater 
treatment plant. 
Conclusion 
The efficacy of the extant respirometric technique to measure the extant kinetics of 
LAS biodegradation by field and laboratory biomass was demonstrated in this study. LAS 
biodegradation kinetics in laboratory porous pot reactors was independent of whether the 
reactor was fed synthetic or real wastewater. The influence ofHRT on the measured 
biodegradation kinetics was minimal ( µ = 0.14 ± 0.06 h-1, Ks= 0.4 ± 0.3 mg COD/L, and Y 
= 0.67 ± 0.02 mg biomass COD/mg substrate COD) with the possible exception that the 
biokinetic parameters were more variable at the low HRT conditions (i.e., when HRT < 6 h). 
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Figure 2.8 Comparison of the measured and predicted effluent concentrations for LAS. 
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The SRT had no significant influence on the biodegradation kinetics of LAS. 
When the laboratory porous pot reactors were operated to simulate Boone WPCP 
field conditions, similar extant kinetic parameters were obtained. These results show that the 
study performed in the laboratory can be representative of the biodegradation kinetics of 
LAS in field activated sludge systems. 
The week-to-week variability in LAS biodegradation kinetics at the Boone plant was 
significant. This variability, whether due to the short term changes in operating conditions or 
gradual changes in the microbial community structure, was not substantially different from 
what has been seen in laboratory activated sludge systems intentionally operated at steady-
state. The results of one-month-test and one-week-daily-test confirm this conclusion. 
There are two methods to predict the effluent concentrations of LAS in the 
wastewater treatment plants. The equation (2.1) based on the biomass mass balance using 
COD influent fraction as competent biomass :fraction has good prediction as using equation 
(2.2) based on the substrate mass balance for LAS effluent concentrations. These results 
further confirmed that the respirometer technique is a useful, rapid, and accurate tool. This 
tool can be used to track changes in LAS biodegradation kinetics in activated sludge cultures 
in the laboratory and predict changes in the field. 
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CHAPTER 3 EXTANT BIODEGRADATION TESTING WITH 
AS IN LABORATORY AND FIELD ACTIVATED SLUDGE 
SYSTEMS 
Abstract 
A paper prepared for submission to Water Environmental Research 
Xiaohong Huang, Timothy G. Ellis, and Sandra K. Kaiser 
Dept. of Civil and Construction Engineering, Iowa State University 
The Procter and Gamble Company, Cincinnati, OH 45253-8707 
Alkyl Sulfates (AS) are present in municipal wastewater treatment plants at low 
concentrations. To measure the influence of operating conditions on the biodegradation of 
AS in the activated sludge system of a wastewater treatment plant (WWTP), two 1-L porous 
pot (65 µ stainless steel mesh) reactors were fed synthetic wastewater and were operated at a 
range ofHRT and SRT conditions. During this study, the extant biodegradation kinetics of 
AS were measured by using a respirometric method. The results showed that HRT and SRT 
both have a slight effect on the biodegradation of AS. The range of the measured extant 
kinetics of AS in the laboratory was µ = 0.18 - 0.29 h-1, q = 0.32 - 0.56 h-1, Ks = 0.19 -1.27 
mg COD/L, and Y = 0.43 - 0.70 mg biomass COD formed/mg AS COD utilized. To 
evaluate the efficacy of the respirometer technique, field tests of the extant kinetics for AS 
biodegradation were conducted at three municipal wastewater treatment plants operated at 
different conditions. The field results were found to b_e similar to the results from laboratory 
systems. To observe variability, the extant kinetic parameters were measured at three local 
wastewater treatment plants during a one-month-weekly-test and a one-week-daily-test 
period. During the same time, the samples of effluent and influent from each plant were 
collected and the AS concentrations were measured. The predicted effluent concentration 
was compared with the field-measured results. These results confirm the applicability of the 
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extant respirometric technique to obtain accurate biodegradation rates of surfactants in 
laboratory and field systems. 
Keywords: Alkyl Sulfate, Biodegradation, Respirometer, Activated Sludge 
Introduction 
Alkyl sulfates (AS) are one of the most common anionic surfactants used in 
commercial shampoo, detergent, and various other household and personal cleansing 
products. It is estimated that about 1.4 x 105 metric tons per year are used in the United 
Stated (Lee et al., 1997). The best foaming characteristics of AS are obtained in the C12 -
C14 chain - length range. Due to their marked hydrophilic character, alkyl sulfates show 
excellent oil/water ( o/w) emulsifying and detergency properties; they are particularly 
efficient to remove oil-particulates on cuffs and collars (Louis, 1999). 
Chemical Structure for AS: 
0 
11 
CH3(CH2 )10CH2O-S- ON a 
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Due to the common uses of AS, it appears in natural ecosystems either through a 
discharge of wastewater ( e.g. detergents) or through direct application ( e. g. biocides ). AS 
concentrations present in influent of the wastewater treatment plant range from 
environmentally relevant concentrations(< 10-20 µg/L) to unrealistically high concentrations 
(>1500 µg/L) (Lee et al., 1997). Fendinger et al., 1987 observed only 700 µg/L in sewage 
influent. But many studies on AS·biodegradation use concentrations several orders of 
magnitude higher (>20,000 µg/L) than typical concentrations found in the environment 
(Anderson et al., 1990; Marchesi et al., 1991; Russell et al., 1991). 
Lee et al. (1997) fo~d that C12-AS was rapidly degraded, which was also reported by 
other studies (van Ginkel, 1996; Guckert, et al., 1996; Maki et al., 1996; Marchesi et al., 
1994). Maki studied the biodegradation of four kinds of widely used synthetic surfactants 
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and polyethylene glycol (PGE). The results showed that degradable surfactants such as 
linear alkyl benzene sulfonate (LAS) and alcohol ethoxylate (AB) were not completely 
degraded by some river microorganisms, but AS was degraded most rapidly by 
microorganisms of each river in the same biodegradation pathway (Maki et al., 1996). 
Biodegradation of surfactants primarily takes place in wastewater treatment plants 
and in natural ecosystems such as soils, rivers, ditches, and seas. Only a few surfactants, 
e. g., AS, alkane sulphonates, and alkyl amines are completely mineralized by one 
microorganism, however, most surfactants need mixed cultures of microorganisms. 
Microorganisms grow at the biodegradation of primary and secondary alkyl sulfates and the 
AS is initially degraded by the removal of the sulfate group (Payne et al., 1965; Dodgson and 
White, 1983). During the biodegradation, AS is hydrolyzed to alcohol and sulfate, which are 
easier to degrade through~ - oxidation (van Ginkel 1996). Lee et al., 1997 reported C12 -AS 
biodegradation was found to be predominately mineralization to c;:02 and the average C 12-
AS biodegradation rate was 0.08 ± 0.01 h-1. Lee et al. (1995) found that the half-life for C12 
-AS was approximately 30 h (estimated first order growth rateµ of 0.017 h-1) using 
resuspended periphyton obtained upstream from a sewage treatment plant where 
unrealistically high concentrations of C12 - AS ( approximately 24,000 µg/L) occurred. A 
review of river water dieaway tests from Swisher (1970) reveals essentially complete 
removal ofC12 -AS in 1-3 days. These represent approximate rates of C12 -AS 
biodegradation ranging from 0.013 to 0.042 h-1. Although the rate of bacterial degradation 
of AS had been reported to be rapid, these reports were based solely on primary degradation 
and used high AS concentrations. 
The extant kinetic technique developed in recent years (Ellis et al., 1996a and 1996b) 
has enabled the rapid measurement ofbiokinetic parameters using respirometry. A low 
concentration of the target compound was injected into a biomass sample and the oxygen 
uptake rate (OUR) was measured. The difference in OUR before and after injection reflects 
the rate of degradation of the injected compound. Kinetic parameters were evaluated by 
fitting observed dissolved oxygen (DO) depletion curve with the Monad kinetic model. A 
unique feature of the technique was the low substrate concentrations relative to the 
concentration of biomass in the laboratory and field tests. As a result, changes in 
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physiological state of the biomass were minimal. In laboratory scale studies extant kinetic 
parameters have been shown to better predict effluent concentrations in bioreactors than 
kinetic parameters measured by traditional methods (Grady and Magbanua, 1996). Other 
important advantages of the extant technique are that it is simple enough to be used by 
wastewater treatment facility personnel and does not require elaborate and expensive 
equipment. In a review of literature, few studies measured the extant kinetics for AS 
biodegradation at low concentrations, and no studies were found that applied the 
respirometer technique to surfactant compounds. 
In this study, the respirometer technique was the method used to measure the extant 
kinetic parameters for AS. The main objective was to obtain accurate extant kinetic 
parameters of AS degradation and predict the performance of the wastewater treatment plant. 
It was also an objective to determin~ the applicability of using these measurements to predict 
effluent AS concentrations in the field. At the beginning of this study, two porous pot 
reactors simulating the aeration tanks were operated in parallel using a design matrix of 
operating conditions with different HRTs and SRTs. This was to observe the influence of 
HRT and SRT on the bi ode gradation of AS. The purpose of this experiment was to check if 
the operation conditions have significant influence on the AS biodegradation. The different 
wastewater treatment plants have different design and different operating conditions. In 
order to apply the extant kinetics obtained from the laboratory to predict performance, it is 
necessary to know what effect the HRT or SRT has on AS extant kinetic parameters. In 
addition, field biomass was tested periodically to build an AS extant kinetics database. To 
evaluate the respirometer technique, a comparison of calculated effluent concentrations and 
corresponding field AS measured effluent concentrations were conducted during one-month-
weekly-test and one-week-daily-test. 
Materials and Methods 
Porous pot reactors. The laboratory setup consisted of two porous pot reactors with 
a working volume of 1-L. They were operated in parallel as continuous stirred tank reactors 
(CSTRs) under different operating conditions. The porous pot reactors consisted of a 
stainless steel mesh with a pore size of 65 µ, which provided effective separation of 
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suspended solids eliminating the need for a separate clarifier as shown in Figure 3 .1. 
Sludge wastage was performed automatically three times per day using a timer or once per 
day manually to maintain the desired SRT. The synthetic wastewater feed was 200 mg 
COD/L during this study, including 1 mg/LAS, urea, nutrient broth, lauric acid, potato 
starch, dried milk, dietary fiber, sodium acetate, potassium phosphate, ferrous sulfate, and 
micronutrients. 
Sludge wastage 
( controlled by SRT) 
Effluent 
Stainless steel 








Materials. The characteristics of the surfactant AS were discussed in Chapter 1 
Introduction and in previous publications (van Ginkel, 1996; Guckert et al., 1996). The 
compound was supplied by the Procter and Gamble Company for research use and was 
verified to be 99% active with a minimum purity of 99%. For all kinetic measurements, an 
injection concentration of 2 mg/Las COD was used. 1 mg/LAS was found to be equivalent 
--=--
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to 2.2 mg/Las COD for converting from mglL to mg COD IL (as determined by the Procter 
& Gamble Company). The fraction of the biomass involved in the biodegradation of AS was 
assumed to be equal to the fraction of energy (COD) supplied to the culture by AS 
(Blackburn et al., 1987 and Magbanua et al., 1998). The active fraction for AS in the 
synthetic wastewater was calculated according to the dose added into the feed. For example, 
1 mg/L AS added to 200 mg COD IL resulted in an active fraction of 1.1 %. This value was 
used in all the laboratory data analysis. The active fraction of AS in the field biomass was 
calculated according to the influent concentration. Biomass samples were collected and sent 
to the Procter and Gamble Company for AS concentration measurement. 
Laboratory Experiment. Two porous pot reactors were operated under a matrix of 
HRTs and SRTs shown in Table 3.1. 
Table 3.1 The Operating Parameters of the Reactors in the Laboratory. 
Operating No. HRT,hr SRT,d 
1 2 10 
2 4 10 
3 6 10 
4 12 10 
5 6 3 
6 6 6 
7 6 9 
8 6 15 
9 18 30 
10 18 15 
11 6 30 
For each condition in Table 3.1, the reactors were operated for the length of three 
SRTs to enable the biomass to reach a steady state. At the end of each condition, the biomass 
was measured using the respirometer technique to determine the extant kinetic parameters of 
AS degradation. Feeding and sludge wastage were performed automatically by the use of the 
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timer and pump. The mixed liquor concentration was measured weekly to check the steady 
state conditions. 
Field -Testing and Validation. After the biomass reached steady state, field-testing 
was conducted. Three nearby municipal wastewater treatment plants were chosen as field 
test sites- Boone, Iowa City, and Cedar Rapids. Initially, the biomass samples were collected 
in the morning, stored, and delivered in a cooler once per month. The samples were 
refrigerated at 4 °C upon arriving at the ISU laboratory. Kinetic testing was conducted within 
2-3 hours. Near the end of the project, two field tests were performed, one-month-weekly-
test and one-week-daily-test. The field test not only validated the laboratory data, but also 
evaluated field variability of AS kinetics. During these two tests, samples of influent and 
effluent from each plant were collected and sent to the Procter and Gamble Company to 
measure the AS concentration. Finally, the predicted effluent concentrations using the mass 
balance equations were compared with the :field-measured concentrations to validate the 
efficacy of the respirometer technique. 
The effluent concentrations of AS can be calculated by using two different equations 
derived from a mass balance on biomass ( equation 3 .1) and a mass balance on substrate · 
(equation 3.2) (Grady et al., 1999): 




Ks = half-saturation coefficient, mg/L 
kct = decay coefficient, h-1 
q =,maximum specific substrate utilization rate, h-1 
So = influent concentration, mgCOD/L 
Se = effluent concentration, mgCOD/L 
t = hydraulic retention time, h 
Xv= competent biomass concentration, mg/L 




Be = solids retention time, h 
In the calculation of AS effluent concentration using Equation (3 .1 ), the 
experimentally determined value of the decay coefficient of 0.11 d-1 was used (Ellis, 2000). 
The measured influent concentrations were used in Equation (3.2) to predict the AS effluent 
concentrations. 
Results and Discussion 
Determining The Competent Fraction. AS concentrations were measured in the 
influent to the Boone WPCP, and the results indicated a range of AS concentrations from 0.2 
-4.5 mg/Las shown in Table 3.2. 
Table 3.2 Concentration of AS in the influent to the Boone Water Pollution Control 
Plant. 
Total AS 
Date Collected C12ASmg/L C13ASmg/L C14ASmg/L C1s AS mg/L 
C12-1s mg/L 
9/23/99 0.22 0.16 <0.05 <0.05 0.38 
9/23/99 0.16 0.06 <0.05 <0.05 0.22 
10/7/99 0.42 0.16 0.12 <0.05 0.7 
10/7/99 0.50 0.22 0.16 <0.05 0.88 
10/8/99 2.22 1.04 0.70 0.10 4.06 
10/8/99 1.70 0.86 0.68 0.24 3.48 
Ave± S.D. 0.87 ± 0.87 0.42 ± 0.42 0.29 ± 0.31 <0.09± 0.07 1.62 ± 1.69 
These findings are similar to the results reported by Lee et al., 1996: From Table 3.2, 
it can be seen that C12-AS comprises over 50% of the total AS concentrations. The average 
AS concentration was 1.62 mg/L, and the average influent concentration was 265 mg 
COD/L. Consequently, the active fraction for AS in the Boone biomass was about 1.3%. 
This value was slightly different than 1. 1 % used in the laboratory analysis. 1.3% based on 
the influent COD fraction was used to fit the responding from the laboratory and field 
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studies, except where the influent COD fraction was calculated based on measured influent 
AS concentrations. 
Effect of HRT and SRT on AS biodegradation. First, experiments were performed 
to measure extant kinetics using the biomass from each -reactor operated under a range of 
HRTs (2 h, 4 h, 6 h and 12 h) with a constant SRT of 10 d, when the reactors reached steady 
states. Subsequently, the experiments to test the influence of a range of SRTs (3 d, 6 d, 10 d 
and 15 d) with a constant HRT of6 h were conducted. The extant kinetics obtained from 
each condition are listed in Table 3.3. Also the kinetics parameters are shown in Figure 3.2 
and Figure 3.3 for better comparison. 
The simulation phase showed that the first order k ( q/Ks) and the yield values from 
laboratory and Boone WPCP field overlapped, which can confirm that the laboratory study 
can be representative of the field study, and the respirometer technology can be applied both 
in laboratory and field studies. 
It can be seen from Table 3.3, Figure 3.2, and Figure 3.3 that kinetic parameters were 
fairly constant with a ft, of0.18 - 0.29 h-1, q of0.32 - 0.56 h-1, Ks of0.19 -1.27 mg COD/L, 
and Y of0.43 - 0.70 mg biomass COD formed/mg LAS COD utilized. Student t-tests were 
performed to compare the kinetics of AS biodegradation at different conditions. Figure 3 .2 
and statistical results show that when the HRT increased, the values ofµ, q and Y showed 
little variation at an SRT of 10 d, and Y decreased when HRT increased at a 15 d and 30 d 
SRT. Other kinetic parameters, such as Ks and k showed little variation. Ks increased 
slightly as the HRT increased. In contrast, k decreased as HRT increased. Figure 3.3 and the . . 
student t-test show that the values of µ, q and Y for AS were not significantly different 
when the HRT was 6 h, but Ks increased and the k decreased when the SRT was increased to 
10 d. After a 10 d SRT, the values of extant kinetics for AS kept constant because the 
composition of the microorganisms in biomass was steady after a 10 day SRT. At a SRT of 
15d, the value of decreased when the HRT was decreased from 18 h to 6 h. 
It was noticed that the value of the first-order coefficient and the yield using 
simulated and field biomass were not significantly different using student t-tests at the 95% 
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Table 3.3 Influence of HRT and SRT on the biodegradation kinetics of AS. 
HRT SRT A h-1 A h-1 Ks, Y, k=(q /Ks)L/ VSS, 
Day Day µ, q, mgCOD/L mg/mg (mgCODxh) mg/L 
n 
Impact of HRT 
2 10 0.26± 0.01 0.39± 0.04 0.18± 0.07 0.68± 0.04 2.12±0.57 3574±263 10 
4 10 0.23± 0.09 0.33± 0.07 0.29± 0.21 0.69± 0.07 1.14±0.33 2233±10 10 
6 10 0.25± 0.07 0.42±0.06 0.41± 0.28 0.61±0.06 1.03±0.21 1283±16 10 
12 10 0.26±0.01 0.43±0.08 0.52±0.03 0.61±0.07 0.82±0.27 794±28 10 
Impact of SRT 
6 3 0.17± 0.02 0.36± 0.06 0.23± 0.16 0.49± 0.07 1.55±0.37 260±9 10 
6 6 0.20± 0.06 0.39± 0.05 0.22± 0.15 
0.52± 0.07 1.72±0.33 461 ± 14 10 
6 10 0.25± 0.07 0.42±0.05 0.40± 0.28 0.61 ± 0.07 1.02±0.17 1283± 16 10 
6 15 0.49± 0.09 0.36±0.09 1550 8 
Simulation Boone WPCP 
6 15 0.49± 0.09 0.36±0.09 1550 8 
18 15 0.21±0.12 0.45±0.06 0.65±0.14 0.47±0.03 0.73±0.09 980 6 
6 30 0.29±0.06 0.56±0.12 1.27±0.33 0.52±0.08 0.47±0.16 2760 6 
18 30 0.43±0.15 0.10±0.02 2250 6 
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Figure 3.2 Extant biodegradation kinetics of AS as a function of HRT. 
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Figure 3.3 Extant biodegradation kinetics of AS as a function of SRT. 
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confidence level. The symbols for the two sets of data overlapped in Figure 3.2 and Figure 
3.3. This result confirms that the respirometer technique was applicable for use in the 
laboratory and field, and that the laboratory simulation of field conditions was accurate. 
Field Kinetics Testing and Variability Test. Three nearby wastewater treatment 
plants were chosen to perform the field kinetic tests. A competent biomass fraction of 1 ;3 % 
was used in all the field data analysis. The tests were conducted periodically with fresh 
biomass collected in the morning. The results of the extant kinetics obtained from field 
biomass are listed in Table 3.4 and Table 3.5. The variability of the AS biodegradation 
kinetics at the Boone WPCP and Cedar Rapids WPCF are also shown in Figure 3 .4 and 
Figure 3.5, respectively. It is apparent that the yield values obtained from the tests are more 
constant than other extant kinetic parameters. The Ks and k have more variability than the 
other kinetic parameters. The variability of full-scale systems operated at steady state over a 
prolonged period of time may have varying influent concentrations, varying flow rates, and 
fluctuating operating conditions, which would be considerably greater than laboratory 
systems. 
From Figure 3.5, it can be seen that the variability during the one-week-daily-test 
period was less than the monthly period, and the student t-test at the 95% confidence level 
shows that µ and q are slightly different between the first three days and the second three 
days. The other kinetic parameters were significantly different based on statistical analysis. 
The concentrations of the mixed liquor during this week did not vary significantly, so that 
during the one-week-daily-test period, the characteristics of the influent were similar and the 
kinetics of AS showed little variability. 
Predicting the Effluent Concentration of AS. The mass balance equation was used 
to predict the effluent concentration of AS (Grady et al., 1999). To demonstrate the 
applicability of the respirometer technique, the predicted results using equation (3 .1) and 
(3.2) were compared with the field-measured results. These results are given in Table 3.6. 
There is uncertainty about what competent fraction of biomass should be used for analyzing 
the extant kinetics of AS. The previous analysis in Table 3.3 and Table 3.4 were based on 
the average intluent COD fraction 1.3% at the Boone WPCP. But the measured results show 
that the influent COD :fraction of AS was very small (e.g., less than 0.25%) in the field. 
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Table 3.4 Extant kinetics of AS at Boone WPCP and Iowa City WWTP. 
Date " h-1 " h-1 
Ks, Y, k =(q /Ks), VSS, µ, q, mgCOD/L mg/mg L/(mgCODxh) mg/L n 
BooneWPCP 
4/19/00 0.21±0.05 0.56±0.30 0.54±0.44 0.45±0.20 0.99±0.62 7750.00 8 
6/19/00 0.57±0.10 1.13±0.18 0.87±0.35 0.46±0.09 0.07±0.01 3310.00 8 
6/26/00 0.53±0.08 0.13±0.02 3450.00 8 
7/6/00 0.47±0.03 0.76±0.06 2.39±0.60 0.63±0.17 0.11±0.01 2600.00 6 
7/13/00 0.46±0.06 0.67±0.01 2.51±0.29 0.69±0.09 0.27±0.03 3200.00 2 
avg±s.d.* 0.43±0.15 0.78±0.25 1.58±1.02 0.55±0.11 0.31±0.39 4062±2086 5 
Iowa City WWTP 
4/12/00 0.22±0.05 0.38±0.07 1.63±0.17 0.57±0.07 0.24±0.05 1990.00 4 
6/30/00 0.68±0.03 0.29±0.01 1800.00 3 
7/6/00 0.75±0.08 0.50±0.13 1850.00 4 
7/10/00 0.66±0.23 0.42±0.21 1650.00 4 
7/17/00 0.53±0.14 0.94±0.17 1.09±0.12 0.57±0.17 0.86±0.07 1950.00 2 
avg±s:d.* 0.38±0.22 0.66±0.40 1.36±0.38 0.65±0.08 0.46±0.25 1848±134 5 
56 
Table 3.5 Extant kinetics of AS at Cedar Rapids WPCF. 
Date A h-1 A h-1 
Ks, Y, k=(q/Ks), VSS, µ, q, < mgCOD/L mg/mg L/(mgCODxh) mg/L n 
6/05/00 0.15±0.04 0.50±0.22 3.86±2.57 0.41±0.02 0.15±0.06 1800 8 
6/30/00 0.26±0.14 0.50±0.19 0.45±0.27 0.50±0.13 1.42±0.75 1600 6 
7/06/00 0.35±0.13 0.64±0.15 0.75±0.51 0.50±0.13 1.42±0.75 1760 8 
7/10/00 0.27±0.09 0.64±0.07 1.00±0.56 0.42±0.13 0.81±0.42 2200 4 
7/17/00 0.54±0.11 0.99±0.12 1.14±0.29 0.63±0.17 0.84±0.15 1400 4 
7/24/00 0.24±0.10 0.43±0.15 1.16±0.55 0.55±0.10 0.49±0.25 2320 6 
7/25/00 0.23±0.09 0.41±0.13 0.98±0.49 0.54±0.07 0.47±0.16 2280 5 
7/26/00 0.21±0.05 0.41±0.08 0.84±0.41 0.52±0.08 0.58±0.25 1950 6 
7/27/00 0.31±0.16 0.66±0.26 0.85±0.59 0.52±0.12 0.57±0.15 2260 5 
7/28/00 0.42±0.17 0.85±0.33 1.20±0.62 0.47±0.07 0.65±0.23 2220 4 
7/29/00 0.37±0.14 0.74±0.25 1.18±0.77 0.47±0.08 0.72±0.21 2340 4 
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Figure 3.5 Variability of extant:biodegradation kinetics of AS at the Cedar Rapids 
WPCF. 
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Table 3.6 The comparison of the measured and predicted effluent AS concentrations. 
Measured Influent Measured. 
Predicted Effluent Cone. 
Effluent1 Mass Balance Equations 
Location Date 
Cone. COD avg±s.d. 3.12 3.1 3 fraction 3.2 
µg/L X¾ µg/L µg/L 
Lab 15 d SRT 18 hHRT 1000 1.10 1.05±0.21 3.9 3.9 1.1 
Lab 30 d SRT 6hHRT 1000 1.10 0.90±0.42 2.4 2.4 0.5 
avg±s.d. 1000 1.10 0.98±0.32 3.2±0.8 3.2±0.8 0.8±0.3 
Cedar Rapids 6/29/00 38 0.04 0.17±0.02 0.9 28.3 6.8 
Cedar Rapids 7/6/00 41 0.05 0.33±0.11 1.4 34.1 6.8 
Cedar Rapids 7/10/00 81 0.09 0.41±0.08 3.8 51.0 8.1 
Cedar Rapids 7/18/00 20 0.02 0.51±0.01 0.5 28.0 10.6 
Cedar Rapids 7/25/00 129 0.14 0.55±0.47 7.2 64.4 12.3 
Cedar Rapids 7/26/00 103 0.11 5.0 50.6 12.1 
Cedar Rapids 7/27/00 77 0.08 0.36±0.04 2.7 40.9 7.1 
Cedar Rapids 7/28/00 85 0.09 0.63±0.08 3.3 34.4 8.1 
Cedar Rapids 7/29/00 3.66±4.33 3.7 43.5 
avg±s.d. 72±36 0.08±0.04 0.82::1,:0.64 3.2±2.1 41.7±12.1 9.0±2.3 
Boone 6/29/00 184 0.20 0.66±0.19 2.8 33.6 11.9 
Boone 7/6/00 219 0.24 1.49±0.00 0.8 11.3 13.6 
Boone 7/11/00 75 0.08 0.70±0.01 
Boone 7/12/00 207 0.23 0.55±0.20 0.8 12.5 8.2 
Boone 7/20/00 114 0.13 0.54±0.13 0.6 10.0 2.5 
avg±s.d. 160±62 0.18±0.07 0.79±0.13 1.3±1.1 16.8±11.2 9.1±4.9 
Iowa City 6/29/00 0.00 0.26±0.04 
Iowa City 7/6/00 125 0.14 0.17±0.11 14.7 84.7 
Iowa City 7/7/00 . 125 0.14 
Iowa City 7/9/00 131 0.14 
Iowa City 7/10/00 131 0.14 0.15±0.02 15.2 95.6 
Iowa City 7/18/00 0.00 0.58±0.01 
avg±s.d. 128±3 0.09±0.33 0.29±0.04 15.0±0.4 90.2±7.7 
1 The data were measured by the Procter & Gamble Company. 
2 The measured influent COD fraction of AS X¾ was used as the competent fraction 
ofbiomass in equation (3.1). 
3 The average influent COD fraction of AS 1.3% was used as the competent fraction 
of biomass in equation (3.1). 
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In the laboratory study, both surfactants linear alkyl benzene sulfonate (LAS) and AS 
were added into the synthetic wastewater feed to the porous pot reactors. In the field, the 
measured results (Appendix D) showed that LAS and AS were present in the influent and 
that LAS had a higher COD fraction. Previous studies (Ellis et al., 1996a and 1996b) 
assumed that the different compounds have independent competent biomass fraction. The 
' 
pathway for oxidation of LAS aJ?-d AS is J3-oxidation, and ~ey have similar enzyme systems 
(van Ginkel, 1996). The competent fraction of the biomass involved in the biodegradation of 
a compound was assumed to be equal to the fraction of energy (COD) supplied to the culture 
by this compound (Black burn et al., 1987 and Magbanua et al., 1998). In the initial study, 
the influent COD fraction was considered as the fraction of energy supplied to the culture by 
AS. But the other consideration was including the fraction of energy supplied to the culture 
by LAS because they have similar degradation pathways. The question is that which 
competent biomass fraction should be more reasonable for prediction. The value of 1.3% 
used in the initial studies is closer to the average COD fraction for LAS and AS. For this 
consideration, the two predictions using 1.3 % and the measured influent COD fraction· (X%) 
for AS were performed and shown in Table 3.6. It should be mentioned that the results using 
X% shows smaller results, but it caused corrected extant kinetics values with higher 
unreasonable values. This discussion is still under study. 
For comparison, the measured and predicted concentrations of AS are also shown in 
Figure 3.6. From Table 3.6, it can be seen that the results using equation (3.2) were closer to 
the measured values than those from using equation (3 .1) in the laboratory prediction. 
However in the field validation, equation (3 .1) using influent COD fraction as competent 
biomass fraction shows much closer predicted values than using 1.3% and equation (3.2). 
Equation (3.1) using the average influent COD fraction 1.3% prediction was substantially 
different from the measured values at the Cedar Rapids WPCF. At the Boone WPCP, 
equation (3.2) provided more reasonable prediction, but equation (3.1) was still better. 
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Figure 3.6 Comparison of the measured and predicted effluent concentrations for AS. 
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Conclusion 
The extant kinetics of AS biodegradation in the laboratory and field were tested using 
respirometry technique in this study. The influence ofHRT on the measured biodegradations 
kinetics was minimal with the possible exception that the biokinetic parameters were more 
variable at the low HRT conditions. At higher HRT, the kinetics of AS degradation was less 
active (as measured by a decreaseµ) than that at lower HRT. The SRT had a slightly effect 
on the measured biodegradation kinetics. Also at SRT longer than 10 days, the kinetic 
parameters were not significantly different than those at lower SRT. Since the kinetic 
parameters of both the laboratory and field tests show no significant differences, it can be 
concluded that the respirometer technique is useful tool to predict the performance of a 
wastewater treatment plant. The extant kinetic parameters of AS in this study were measured 
as µ of 0.18 - 0.29 h-1, q of 0.32 - 0.56 h-1, Ks of 0.19 -1.27 mg COD/L, and yield of 0.43 -
0.70 mg biomass COD formed/mg AS COD utilized in the laboratory. These experimental 
results confirm the usefulness of the extant respirometer technique to rapidly and 
reproducibly measure AS biodegradation kinetics in activated sludge systems. 
The variability of the extant kinetics of AS degradation was observed in the field 
study. The kinetics in the Boone WPCP showed more variation than the kinetics of the 
Cedar Rapids WPCF. The operational conditions and the design of the wastewater treatment 
plants are factors influencing the biodegradation of AS. The prediction of the effluent AS 
concentrations using Equation (3.1) using the average influent COD fraction as competent 
biomass fraction (1.3 % ) was not suitable for predicting the effluent concentration for AS in 
the field study. Equation (3.1) was found to be better tool for predicting the effluent 
concentration of AS. The competent biomass activated fraction using average values is 
more reasonable than using the daily measured influent COD fraction for AS. The uses of 
competent fraction of biomass is an area for future research. 
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CHAPTER 4. GENERAL CONCLUSIONS 
The following conclusions can be drawn from the results of the previous papers: 
Synthetic wastewater could be used to simulate raw wastewater influent in the 
laboratory and to cultivate biomass in an activated sludge system. 
HRT had an effect on the biodegradation of LAS and AS especially when 
HR T < 6h. But the effect was slight. The SR T also had slight influence on the 
biodegradation of LAS and AS. 
range of the measured extant kinetics of LAS was µ of0.02 - 0.20 h-1, qof 
0.05 - 0.33 h-1, Ks of 0.06 - 0. 78 mg COD/L, and Y of 0.44 - 0. 70 mg biomass COD 
formed/mg LAS COD utilized. The ranges of the measured extant kinetics of AS 
wereµ of0.18 - 0.29 h-1, qof0.32 - 0.56 h-1, Ks of0.19 - 1.27 mg COD/L, and Y of 
0.43 - 0.70 mg biomass COD formed/mg LAS COD utilized. 
LAS and AS exhibited similar yield values in activated sludge systems, while other 
kinetics parameters of AS were larger than those for LAS. LAS and AS were present 
at low concentrations and were completely biodegraded in an activated sludge system 
(e.g., the effluent concentrations of LAS and AS were lower than 0.2 mg/Land 2 
µg/L respectively) 
equation derived from the mass balance on biomass to predict the effluent 
concentrations was better than the equation with mass balance on substrate in 
predicting the effluent concentrations of LAS andAS in laboratory and field studies. 
respirometer technique can be used to rapidly and accurately measure the 
extant kinetics of surfactant compound such as LAS and AS. 
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APPENDIX A 
BOONE WPCP OPEATION DATA 
Influent Effluent Mixed 
Flow rate, liquor, Date mgd SRT,day BOD, BOD, 
mg/L SS, mg/L mg/L VSS, mg/L 
2/01/00 1.307 219 182 3 3820 33 
2/03/00 1.315 202 160 2 2810 29 
2/10/00 1.316 238 166 2 2770 32 
2/17/00 1.272 216 220 5 2730 35 
2/24/00 1.786 182 196 2 2860 31 
3/09/00 1.590 178 160 2 2670 31 
3/16/00 1.474 190 146 2 2880 33 
3/23/00 1.555 168 154 2 3030 35 
3/30/00 1.492 160 144 2 2930 31 
Avg± s.d. 1.46 ± 0.17 194 ± 26 170 ± 25 2±1 2944 ± 345 32 ±2 
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APPENDIXB 
IOWA CITY WWTP OPEATION DATA 
Mixed 
Flow rate, liquor, SRT,day Date mgd 
VSS,mg/L 
2/01/00 2.59 3396 3.6 
2/02/00 2.61 3270 3.5 
2/03/00 2.52 2988 3.2 
2/04/00 2.53 3050 3.9 
2/05/00 3.96 
2/06/00 2.94 3812 5.8 
2/07/00 2.51 4078 3.9 
2/08/00 3.10 4602 7.0 
2/09/00 2.56 3646 9.7 
Avg± s.d. 2.81 ± 0.45 3605 ± 548 5.1 ± 2.3 
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APPENDIXC 
CEDAR RAPIDS WPCP OPEATION DATA 
Influent Effluent 
Date Flow rate, SRT, d mgd BOD, BOD, 
mg/L SS, mg/L mg/L SS, mg/L 
03/05/99 49.9 453 193 27 1.24 
03/18/99 49.2 141 105 25 2.20 
03/22/99 49.6 212 252 33 1.32 
04/02/99 47.4 110 67 14 1.38 
06/10/99 55.4 91 110 69 1.38 
06/25/99 43.9 52 53 2.00 
07/22/99 32.7 152 95 21 1.23 
07/29/99 32.2 108 37 16 26 1.38 
08/05/99 32.4 201 128 23 19 1.28 
09/01/99 33.0 115 19 23 0.98 
09/05/99 33.3 146 171 30 42 1.22 
Avg± s.d. 41.7 ± 9.0 172 ± 106 121 ± 67 30 ± 16 27 ± 10 1.42 ± 0.36 
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APPENDIXD 
REPORT OF MEASURED CONCENTRATIONS OF 
INFLUENT AND EFFLUENT FOR LAS AND AS BY THE P&G 
COMPANY 
EXPERIMENT SUMMARY 
Corporate Professional and Regulatory Services Division 
Environmental Science Department 
Study Director Bradford B. Price 
Contributor(s) Rebecca Cunningham 
Work Done: 07 /00 - 09/00 
Notebooks: MVL3872 
Analysis ofDodecyl Sulfate and Dodecyl Benzene Sulfonate in Wastewater Samples 
Summary: To support WERF Project 98-CTS-3, grad and composite samples from three 
treatment plants and four porous pot experiments were analyzed to determine the 
concentrations of dodecyl sulfate ("AS", [ 151-21-3]) and dodecylbenzene sulfate ("LAS", 
[25155-30-0]). Methodology involved solid phase extraction to concentrate the samples and 
liquid chromatography with electrospray mass spectrometry for quantitation. Quantitation 
was performed using selected ion monitoring and deuterated internal standards of the two 
compounds. 
Values from Iowa City (influent n=2, effluent n=8) and Boone (influent n=6, effluent n=JO) 
treatment plants were similar to results historically observed at other treatment plants. The 
Cedar Rapids site demonstrated a much higher variability in both influent (n=9) and 
effluent(n= 16) concentrations of the compounds. This variability may be due to the high 
industrial contributions to the influent, intrinsically higher variability of the Cedar Rapids 
operation or the more extensive sampling program. 
Purpose or Objective: To support WERF Project 98-CTS-3, the concentrations of dodecyl 
sulfate ("AS", [ 151-21-3]) and dodecylbenzene sulfate ("LAS", [25155-30-0]) were 
determined in influent and effluent samples from three different treatment plants. 
Background: Dr. Tim Ellis of Iowa State University is using a combination of laboratory 
and field investigations to validate the utility of extant respirometery in predicting the 
71 
degradation of surfactant compounds (WERF Project 98-CTS-3). To support the validation 
efforts, a series of samples were collected from three treatment plants and parallel extant 
respirometry experiments were performed. The selected sites represent a variety of situations 
within the state oflowa including Boone (primarily residential input, long sludge retention 
time), Iowa City (mixed industrial.and residential inputs) and Cedar Rapids (heavily 
industrial with nutrient addition pretreatment). Methods for the analysis of surfactants in 
wastewater have been previously described (Norwood et. al., Fendinger et. al.). These 
methods were combined with minor modification to simultaneously analyze two common 
surfactants- dodecyl sulfate and linear dodecylbenzene sulfonate. 
Work Done: Samples were collected and labeled by researchers from Iowa State University, 
immediately preserved with 3% (v/v) formalin and shipped to our laboratories for preparation 
and analysis. Samples were refrigerated and processed within 10 days of receipt. 
Sample Preparation: Samples were labeled as either influent or effluent. In most cases, this 
nomenclature referred to the influent to the aeration basin and effluent from the aeration 
basin. For Iowa City and Cedar Rapids, the effluent samples were visually characterized as 
"mixed liquor" with a high suspended solids content. Boone effluent samples were visually 
free of suspended solids and appeared to be post-clarifier samples. Influent and Boone 
effluent (visually clear) samples were prepared as received. Mixed liquor, high solids 
effluent samples were centrifuged and a portion of the supernatant was removed for analysis. 
Residual solids were not analyzed. 
Sample preparation involved passing an aliquot (10-l00mL for influent, l00mL for effluent) 
of the well-mixed sample through pre-conditioned C2 solid phase extraction columns (Varian 
Mega Bond Elut, 6cc/lgm), rinsing with 30% methanol:water and eluting the surfactants 
with 1 0mL of methanol. The resulting methanol solution was evaporated to dryness under a 
stream of nitrogen and re-dissolved in 1.0 - l0mL of internal standard solution (0.lµg/mL d25 
dodecyl sulfate, l .0µg/mL d7 dodecylbenzene sulfonate in 30% methanol:water). The 
resulting solution was centrifuged to remove any suspended particles and stored in a 
refrigerator until analyzed. 
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Instrumental Analysis: Prepared samples were analyzed by liquid chromatography with 
electrospray mass spectrometry detection using a Waters 2790 liquid chromatograph equiped 
with a Zorbax Stablebond C8 column (3.0mm ID x 150mm x 5 µ particle size) and a 
Micromass ZMD mass spectrometer operated in negative ion electrospray mode. A solvent 
gradient was used to elute both analytes within 10 minutes using the linear gradient system in 
Table 1. 
Table 1: Gradient Profile [Zorbax SB-CS Column at 0.4mL/min ] 
Time (min) 0.01% NH4 Methanol 
Acetate in 10% 
Methanol: Water 
0.0 50% 50% 
2.0 50% 50% 
10.0 ,10% 90% 
12.0 10% 90% 
14.0 50% 50% 
Nominal masses for the analytes and internal standards of265 Da / 290Da (dodecyl sulfate & 
d25 dodecyl sulfate) and 325Da/332Da ( dodecylbenzene sulfonate and d7 dodecylbenzene 
sulfonate) were monitored with a typical dwell time of 200ms per ion. Quantitation was 
performed using an internal standard approach. Typical ion chromatograms are shown in 
Figure 1. 
Figure 1: Typical Selected Ion Chromatograms for Sample from Boone STP Effluent 
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In situations where a significant chromatographic interference was observed in the vicinity of 
the dodecyl sulfate peak, samples were re-analyzed using a C18 column (Supelco Discovery 
Cl 8, 2.1mm x 150mm x 5 µ) with a similar gradientto improve resolution. 
Results: The results for the three treatment plants are summarized in Table 2 with individual 
results provided in Attachment I. 
Table 2: Summary of Results Based on Location (AS/ LAS, results in µg/L) 
Site #of Mean Median Maximum Minimum Span as% 
Observations of Median 
Cedar Rapids- 9 64 I 940 77 I 1024 129 / 2018 5.5 I 214 160%/ 
Influent 176% 
Cedar Rapids- 16 0.82 I 43 0.43 I 24 6.72 I 167 0.15 I 6.6 1530% I 
Effluent 668% 
Boone - 6 164 / 1710 185 / 833 219 / 6270 75 I 669 78%/ 672% 
Influent 
Boone - 10 0.72 I 2.82 0.69 I 2.55 l.49/5.30 0.40 I l.70 157% / 
Effluent 141% 
Iowa City- 2 128 / 679 128 / 679 131 / 690 125 / 668 4.7% 13.2% 
Influent 
Iowa City- 8 0.286/ 4.53 0.240 I 4.60 0.580 I 6.20 0.090 I 3.20 204% I 65% 
Effluent 
Conclusions and Recommendations: 
Influent Data: It is unclear if all the samples reflect the influent to the treatment plant or if 
they are the influent to the aeration basin following primary settling. However it is assumed 
based on visual observation that they are after primary settling. Both the Boone and Cedar 
Rapids sites exhibit significant variability in the observed surfactant concentrations with 
mean values that -~re typical of previously published results. One sample (Boone 7 /19 - 7 /20) 
has an atypically high concentration of LAS while the corresponding level of AS is within 
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the range of typical influents. This result was verified through replicate analysis and is not 
readily explained without additional field samples or field data. Trends in influent 
concentrations may correlate with local rainfall, influent BOD, influent solids or time of day 
if that information is available from the research collaborators at Iowa State. 
Effluent Data: It is important to note that samples described as "effluent" in this 
investigation are not necessarily final effluent from the treatment plant, but are likely an in-
process sample representing effluent from the aeration basin. While solids were removed by 
centrifugation in the laboratory, the results may exhibit both higher concentrations and higher 
variability that would be observed in the sites final effluent. Effluent data for both the Iowa 
City and Boone facilities are typical of values observed in previous studies of activated 
sludge treatment systems fed by primarily residential sources. The Cedar Rapids facility 
demonstrated atypically high effluent concentrations and also exhibits a high variability 
across samples. Two samples with identical descriptions (Cedar Rapids 7 /29) show 
unusually high variation in concentrations while other replicates appear internally consistent. 
This variation is unexplained and there was insufficient sample for re-analysis. As a result, 
this data point should be considered suspect. 
Effluent samples from the porous pot experiments do not appear to demonstrate any trend 
with respect to either of the variables tested. This is surprising given the wide range of 
operating conditions tested, however may reflect random variations which impact the effluent 
concentration of the relatively highly removed test materials. Without additional information 
or samples, this hypothesis cannot be tested. 
References: 
1) Popenoe, D.D.; Morris, S. J.; Hom, P.S.; Norwood, K.T. Anal. Chem. 1994, 66, 1620-
1629 
2) Fendinger, N.J.; Begley,W.M.; McAvoy, D.C.; Eckhoff, w:s. Environ. Sci. Technol. 
1992,26,2493-2498 
The results from the sample analysis are reported in Table 2. 
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Attachment I: Results of Porous Pot and Field Sample Analysis 
INFLUENT EFFLUENT Removal 
Location Date Dodecyl Dodecylbenzene Visual Dodecyl Dodecylbenzene AS LAS 
Sulfate Sulfonate (µg/L) Sulfate Sulfonate (µg/L) 
(µg/L) (µg/L) 
Lab 15d SRT 18H HRT clear 0.9 2.7 
Lab 15d SRT 18H HRT clear 1.2 8.5 
Lab 30dSRT 6H HRT clear 1.2 3.2 
Lab30dSRT 6H HRT clear 0.6 5.0 
Cedar Rapids 6/29/00 38 238 mix liq. 0.15 16 99.6% 93.3% 
Cedar Rapids 6/29/00 mix liq. 0.18 16 
Cedar Rapids 7/6/00 41 222 mix liq. 0.40 64 99.0% 71.0% 
Cedar Rapids 7/6/00 mix liq. 0.25 27 
Cedar Rapids 7/10/00 81 427 mix liq. 0.35 7.5 99.6% 98.2% 
Cedar Rapids 7/10/00 mix liq. 0.46 6.6 
Cedar Rapids 7/18/00 20.7 1161 mix liq. 0.51 84 97.5% 92.8% 
Cedar Rapids 7/18/00 mix liq. 0.5 85 
Cedar Rapids 7/25/00 129 1970 mix liq. 0.22 59 99.8% 97.0% 
Cedar Rapids 7/25/00 mix liq. 0.88 55 
Cedar Rapids 7/26/00 103 2018 
Cedar Rapids 7/27/00 77 1183 mix liq. 0.33 24 99.6% 97.9% 
Cedar Rapids 7/27/00 mix liq. 0.38 24 
Cedar Rapids 7/28/00 * 84.6 * 1024 * mix liq. 0.68 18 99.2% 98.3% 
Cedar Rapids 7/28/00 5.5 214 mix liq. 0.57 19 89.6% 90.9% 
Cedar Rapids 7/29/00 mix liq. 0.59 23 
Cedar Rapids 7/29/00 mix liq. 6.72 167 
Boone 6/29/00 184 669 clear 0.52 4.3 99.7% 99.4% 
Boone 6/29/00 186 706 clear 0.79 2.9 99.6% 99.6% 
Boone 7/5 - 7/6/00 219 950 clear 1.49 2.9 99.3% 99.7% 
Boone 7/11/00 75 746 clear 0.70 1.8 99.1% 99.8% 
Boone 7/11/00 clear 0.69 1.7 
Boone 7/12 - 207 920 clear 0.70 2.4 99.7% 99.7% 
7/13/00 
Boone 07 /12-07 /13 clear 0.40 1.8 
Boone 07/12 - 07/15 clear 0.79 2.7 
Boone 07/19 - 07/20 114 6270 clear 0.63 5.3 99.4% 99.9% 
Boone 07/19 - 07/20 clear 0.45 2.4 100.0% 
Iowa City 6/29/00 mix liq. 0.28 6.2 
Iowa City 6/29/00 mix liq. 0.23 5.6 
Iowa City 7/6/00 mix liq. 0.09 4.7 
Iowa City 7/6/00 mix liq. 0.25 4.0 
Iowa City 7/7/00 125 668 
Iowa City 7/9/00 131 690 
Iowa City 7/10/00 mix liq. 0.16 3.2 
Iowa City 7/10/00 mix liq. 0.13 4.7 
Iowa City 7/18/00 mix liq. 0.57 4.5 
Iowa City 7/18/00 mix liq. 0.58 3.3 
* sample atypical influent - high color and high colloidal material, visual distinct from other 
samples of same description 
